Introduction
Recently, the amounts of the limonitic iron ores, such as the Marra Mamba type ores and Pisolitic ores, have tended to increase [1] [2] [3] because of the shortage of low phosphorous coarse Brockmann type ores, which are the main ores used as the sinter feeds in Japan. Several researches [4] [5] [6] [7] have been carried out concerning the characteristic of limonitic iron ore. It is well known that the assimilation rate of the limonitic iron ore into the melt formed during the sintering process is high, because the limonitic iron ores become porous due to the dehydration of the combined water during sintering. And then, it is pointed out that the problems, such as a lowering of the sinter yields and the permeability of sintering bed, will occur. 8) Therefore, the development of a sintering process that can control the void structure of the sintering bed for a large amount usage of the limonitic iron ore is required. One of them is the MEBIOS 9) (Mosaic EmBedding Iron Ore Sintering) process proposed by the "Research Project for Porous Meso-mosaic Texture Sinter".
The MEBIOS process is a multiple sintering process that arranges a dense pre-granulated pellet (called aging bed), which does not easily deform during the sintering, in the ordinary sinter mixture (called induction bed), which induced the ventilation route in the sintering bed. The research project proposed that the pisolitic ore, which has a lot of coarse particles, will be used for the induction bed and the Marra Mamba type ore, which consists of many fine particles, will be used for the aging bed. The aim of the MEBIOS process is the formation of a proper ventilation route in the sintering bed by the creation of a low-density area around the large pellet due to a kind of wall effect and by a suppression of sinter bed shrinkage due to support of the load from the upper part of the dense large pellets. However, it is the objective to clarify the optimum conditions that can make the dense pellets without deformation during the sintering process for the realization of the MEBIOS process.
In the present study, the influence of the particle size of the iron ore and limestone, the CaO/Fe 2 O 3 ratio and basicity (CaO/SiO 2 ) of the pellet on the crushing strength and apparent density of the pellet after heating were basically examined. In addition, the influence of the chemical composition of the large pellet (aging bed) and quasi-particle (induction bed) on the deformation behavior of the large pellet were examined by "in situ" observations during the sintering experiment using an X-ray CT scanner.
Influence of Particle Size of Iron Ore and Limestone
on the Crushing Strength of the Large Pellet 2.1. Experimental 2.1.1. Samples Marra Mamba type ore WA (LOI: 5.8 mass%), limestone and reagent silica sand were used as the raw materials in the present experiment. The particle size of the WA ore and the limestone were -1.0 and -0.1 mm, and -0.5 and -0.1 mm, respectively. The reagent silica sand was used as received, because it consisted of fine particles. Moreover, the coke of -0.5 mm was used as the heat source. Because the amount of the melt formed at high temperature was determined by the CaO/Fe 2 O 3 ratio and basicity (CaO/SiO 2 ), the CaO/ Fe 2 O 3 ratio was set at 0.1, that was an ordinary sinter composition, and the basicity was varied at 1.2, 1.5, and 1.8. In order to clarify the conditions to produce a dense and large pellet required from the MEBIOS method, some basic sintering experiments were conducted. Consequently, the pellet having a sufficient strength as a blast furnace burden was able to be produced by selecting the composition of the pellet and the temperature so that the liquid phase ratio in the CaO-Fe 2 O 3 -SiO 2 system was about 40 mass%. Moreover, it was confirmed by the sintering pot experiment using X-ray CT that a void was formed around the pellet when this pellet was placed in the sintering mixture. The crushing strength of the pellet collected from the sinter cake was low. However, increasing of the basicity of the pellet and extension of the retention time at high temperature were effective for improving the crushing strength of the pellet.
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was assumed to be the middle of the liquidus at 1 300 and 1 400°C. Although the liquid phase ratio at 1 300°C decreases with the increasing in basicity, the liquid phase ratio over 1 315°C increases with the increasing in basicity as shown in the phase diagram. Therefore, assuming the maximum temperature of the sintering bed to be 1 350°C, the liquid phase ratio is smaller at the low basicity. From this basic knowledge, the basicity of a sample was set at 1.2 in the present experiment from the viewpoint of the sintering with a less liquid phase formation. The coke was added at 4 mass% to prevent the pellet from collapsing, according to the report by Kasai et al.
11)
After mixing the raw materials for a given rate, water was added (12 mass%), and a pellet with a 15 mm (4.2 g) in diameter was produced by the hand rolling. Afterwards, the pellet was rotated for 30 min (22 rpm) using a drum type pelletizer (300 mm in the diameter). And then, the pellets were dried at 100°C for 24 h. Figure 1 shows a schematic diagram of the experimental apparatus. A pellet was placed in a platinum crucible (17 mm in inner diameter and 15 mm in height), which has many holes of about 1 mm at the bottom part, and then the platinum crucible was placed in the quartz crucible (20 mm in inner diameter and 15 mm in height), which was provided with a cross-shaped quartz rod in the bottom part. After setting the pellet in those crucibles, the pellet was heated to a given temperature in an air stream (1 000 Ncm 3 /min) by inserting it to an electric furnace quickly. When the temperature of the pellet reached a specified value, the pellet was held for 60 s, and then the pellet was taken out from the furnace. The holding temperatures were 1 300, 1 325 and 1 350°C. The heating condition was determined from the preliminary experiment that measured the inner temperature of the pellet by inserting a thermocouple into the center of the pellet. The difference was not seen at the heating time that the temperature of pellet reaches at holding temperature, even if the holding temperature was different. After cooling, the pellet was subjected to observation of its appearance and measurement of the crushing strength. Figure 2 shows the appearance of pellets after heating. No remarkable deformation was seen in each sample. It was observed that the densification of pellet promoted at the higher temperatures, because the pellet seems to become smaller with the temperature increasing. In addition, the surface of the pellet is smooth when the particle size of the iron ore is -0.1 mm, while many small dents (holes) are seen on the surface of the pellet when the particle size of the iron ore is -1.0 mm. Figure 3 shows the crushing strength of the pellet after heating. The crushing strength increases with the temperature increasing for each sample. Moreover, the crushing strength is greater than 500 N when the particle size of both the iron ore and limestone is -0.1 mm at 1 350°C.
Experimental methods

Results and Discussion
On the other hand, Kojima et al. 12) reported that the crushing strength of a cold bond pellet is necessary more than 500 N, when it was charged into the blast furnace. Although the large pellet, which is the subject of present study, is not charged into the blast furnace alone, the particle size of both the iron ore and the limestone was set at -0.1 mm in the following experiment, based on these results.
Influence of Chemical Composition of Pellet on Crushing Strength of Pellet
Experimental
Marra Mamba type ore WA, limestone, and reagent silica sand were used as the raw materials. The particle size of the WA ore and the limestone was set at -0.1 mm, based on the former experiment. Moreover, the coke (-0.5 mm) was added at 4 mass% as the heat source.
The CaO/Fe 2 O 3 ratio and the basicity of the pellet were varied at 0.075, 0.1 and 0.15 and 1.2, 1.5 and 1.8, respectively. After mixing the raw materials for a given rate, the pellet of 15 mm (4.2 g) in the diameter was produced by the same procedure as in the former experiment, as mentioned in Sec. 2.1.1. In the experiment, the heating temperatures were 1 300, 1 325 and 1 350°C, the same as the former experiment. After holding one pellet at each temperature for 60 s, the pellet was subjected to observation of its appearance and measurement of the crushing strength. Figure 4 shows the appearance of the pellet with the CaO/Fe 2 O 3 ratio of 0.15 after heating. Although no deformation of the pellet was seen at 1 300°C in each pellet, all samples began to melt at 1 350°C. At 1 325°C, no deformation of the pellet with the basicity of 1.8 was seen, however, the deformation of pellet occurred when the basicity of the pellet was 1.2 and 1.5. It is thought that the difference of the liquid phase ratio in each pellet below 1 315°C influences the deformation behavior of the pellet at 1 325°C. Figure 5 shows the crushing strength of the pellet after heating. At 1 300°C, the crushing strength is slightly higher in the pellet with a basicity of 1.2. It is thought that this originates from the fact that the liquid phase ratio becomes higher with the basicity decreasing at this temperature. The value of the crushing strength of each pellet is greater than 500 N. At 1 325°C, the crushing strength of the pellets with the basicity of 1.2 and 1.5 decreased. On the other hand, the crushing strength of the pellet with the basicity of 1.8 increased. It is thought that the decreasing in crushing strength of the pellet with the basicity of 1.2 and 1.5 is due to the deformation of the pellet, as shown in Fig. 4 . Because the pellet was melted at 1 350°C, the crushing strength of the pellet was not measured.
Results
As mentioned above, since the pellet with the CaO/Fe 2 O 3 ratio of 0.15 was melted over 1 325°C, the following experiment was conducted using the pellet with the CaO/Fe 2 O 3 ratio of 0.1 for the purpose of reducing the liquid phase ratio. Figure 6 shows the appearance of the pellet with the CaO/Fe 2 O 3 ratio of pellet of 0.1 after heating. No remarkable deformation of the pellet is seen at each temperature, and the pellet tends to become smaller with the temperature increasing. Figure 7 shows the crushing strength of the pellet after heating. The crushing strength increased with the temperature increasing. It was found that the difference in the crushing strength due to the basicity of pellet became lower at 1 325°C and 1 350°C, although the crushing strength of the pellet with the basicity of 1.2 was high at 1 300°C. Moreover, the crushing strength of pellets with each basicity is greater than 500 N at 1 350°C. Based on these results, the following experiment was conducted using the pellet with the CaO/Fe 2 O 3 ratio of 0.075 for the purpose of further reducing the liquid phase ratio. Figures 8 and 9 show the apparent density and the crushing strength of the pellet with the CaO/Fe 2 O 3 ratio of 0.075, respectively. The apparent density of pellet was the value calculated from the volume and weight of the pellet. In addition, the experimental results of the pellet with the CaO/Fe 2 O 3 ratio of 0.10 are shown in Figs. 8 and 9 for comparison. Both the apparent density and the crushing strength of the pellet with the CaO/Fe 2 O 3 of 0.075 increased with the temperature increasing. The apparent density of pellet with the CaO/Fe 2 O 3 ratio of 0.075 is lower slightly than that of the pellet with the CaO/Fe 2 O 3 ratio of 0.10. However, no remarkable difference in the crushing strength due to the CaO/Fe 2 O 3 ratio of the pellet is observed. At 1 350°C, the crushing strength of the pellet is greater than 500 N, which is the value required for a cold bond pellet as the blast furnace burden reported by Kojima et al. Therefore, it can be estimated that the optimum condition to obtain a pellet having a high strength is the case when the basicity and the CaO/Fe 2 O 3 ratio of a pellet is 1.8 and 0.075, respectively. However, the reagent silica sand is mixed in the sample at about 0.1 % under this condition for the composition adjustment. It is thought that adding the silica sand to the Marra Mamba ore, that is a low silica ore, spoils the advantage of the Marra Mamba ore. A similar experiment was then conducted using the pellet, which is made from the mixture of limestone and Marra Mamba ore, having the firing pellet composition (the CaO/Fe 2 O 3 ratio: 0.05 and the basicity: 1.2).
The apparent density and the crushing strength of the pellet after heating are shown in Table 3 . The crushing strength of the pellet at 1 350°C is about 250 N, though the apparent density and the crushing strength increase with the temperature increasing. It is thought that this originates from the fact that the liquid phase ratio of the sample is low. Therefore, it can be found that the optimum condition is the case when the basicity and the CaO/Fe 2 O 3 ratio of the pellet is 1.8 and 0.075, respectively, as already mentioned.
Discussion
From these results mentioned above, the optimum liquid phase ratio of pellet to maintain the crushing strength of about 500 N was discussed. Figure 10 shows the relationship between the liquid phase ratio and the deformation rate of the pellet. The deformation rate represents the value which is the longer axis divided by the minor axis of the pellet after heating. From Fig. 10 , the deformation rate is about 1.1 when the liquid phase ratio of a sample is less than 50 %, and that is 1.3 when the liquid phase ratio of a sample is 50 % or more. Figure 11 shows the relationship between the liquid phase ratio and the crushing strength of each pellet. In Fig. 11 , the open symbol shows the results of the pellet for which the deformation rate is less than 1.1, and the closed symbol shows the results of the pellet for which the deformation rate is 1.1 or more. It is understood that the crushing strength of the pellet increases with the increasing the liquid phase ratio. And the crushing strength of the pellet can maintain a value of about 500 N for the liquid phase ratio from 30 to 50 %, although a few differences are seen. It is suggested that this liquid phase ratio is the optimum value to maintain the high crushing strength without deforming. The pellet begins to melt for the liquid phase ratio of 50 % or more. It is suggested that the liquid phase ratio from 30 to 50 % is the optimum value to maintain the high crushing strength without deforming. However, no correlation of the deformation rate and crushing strength is seen. Therefore, it is understood that the pellet having a high strength can be obtained by selecting the composition of the pellet and the temperature at which the liquid phase ratio is about 40 %. However, since these were the experimental results for only one pellet being heated in an electric furnace, the deformation behavior of the large pellet in the packed bed of quasi-particles was examined by the sintering pot experiment using the X-ray CT scanner.
Analysis of the Deformation Behavior of the Large
Pellet during Sintering
Experimental
The sintering pot experiment was carried out in order to observe the deformation behavior of a large pellet (aging bed) in the packed bed of quasi-particles (induction bed). The sintering pot is made of an alumina tube surrounded by a graphite tube. The space between the alumina tube and graphite tube was filled with alumina fibers. The dimension of the sintering pot is a 90 mm in inner diameter and 100 mm in height. The bottom of the pot is made of a perforated graphite disk, and alumina spheres of 10 mm in diameter were placed on it.
WA ore, limestone and reagent silica sand were used as the raw materials for a large pellet. The particle size of all the raw materials was -0.1 mm. The coke particles of -0.5 mm were mixed with the raw materials of the large pellet as the heat source. The large pellet was prepared by hand rolling and using a drum pelletizer from the mixture. The quasi-particle, which was produced from the mixture of C ore (hematite ore from South America), R and Y ore (Pisolitic ore from Australia), limestone, dolomite and return fine, were used as the induction bed. The particle size of iron ore was -6.3 mm and the others were -3.0 mm.
At first, the influence of the large pellet composition was examined under the constant induction bed composition (experiment A). Because the crushing strength of the large pellet was low in experiment A, as described later, the influence of the induction bed composition, the coke mixing ratio to the induction bed and the flow rate of the sucked air were examined under the constant large pellet composition in order to improve the strength of the large pellet by coalescing with the induction bed (experiment B).
In experiment A, the basicity of the large pellet was 1.8, and the CaO/Fe 2 O 3 ratio was varied at three levels, i.e., 0.075, 0.1 and 0.15. The coke mixing ratio to the large pellet was 4 mass%. A dry pellet or wet pellet was used as the aging bed to examine the influence of moisture in the large pellet. The basicity of the induction bed was 1.95, and the SiO 2 content was 4.95, which was a composition similar to that of the general sinter. The coke particles of -3.0 mm were mixed at 5 mass% into the raw materials for the induction bed as a heat source. The moisture content of the induction bed was set to 7.5 mass% at the granulation using small mixer.
In experiment B, the basicity and the CaO/Fe 2 O 3 ratio of the large pellet were 1.8 and 0.075, respectively. The coke particle of -0.5 mm was mixed at 4 mass%. Moreover, because no difference in the deformation behavior of the dry and wet pellet was seen in experiment A, as mentioned later, the dry pellet was used only as the aging bed in experiment B. The SiO 2 content of the induction bed was 4.9 mass%, and the basicity was varied at three levels, i.e., 1.95, 2.05 and 2.15. The coke mixing ratios in the induction bed were 5 and 6 mass%. The moisture content of induction bed was set to 7.5 mass% at the granulation using a small mixer. The blending ratio of raw materials for large pellet (aging bed) and quasi-particles (induced bed) was listed in Table 4 and Table 5 , respectively.
In the experiment, one large pellet of 15 mm was placed in the center of the induction bed. The packing density of the induction bed was 1.5 g/cm 3 . 25 g of charcoal and 5 g of chaff were placed on the top of the bed, and then ignited using a gas burner for 60 s. The flow rate of sucked air was /min (0.5 Nm/s) in experiment A, and 0.15 Nm 3 / min (0.38 Nm/s) was added in experiment B. After the ignition, the CT images were taken at 20 s intervals. The point where the exhaust gas temperature had indicated the maximum value was assumed to be the end of the sintering.
Results and Discussion
Influence of the Large Pellet Composition on Its
Deformation Behavior Figure 12 shows the changes in the X-ray CT images during the sintering using the dry or wet pellet as the aging bed, of which the CaO/Fe 2 O 3 ratio was 0.1. In any case, the sintering time was about 14 min, though the difference of about 40°C was seen in the maximum temperature of the sintering bed. No deformation of the large pellet was seen in any case, and a void was formed in the surroundings of the large pellet. Thus, a notable difference in the deformation behavior and the progress of sintering by the state of the pellet (dry or wet) was not seen. Moreover, in the case of the large pellet with the CaO/Fe 2 O 3 ratio of 0.075 and 0.15, similar results were obtained. Figure 13 shows the X-ray CT image after sintering, the maximum temperature in the sintering bed and the sintering time using the large pellet with the CaO/Fe 2 O 3 ratios of 0.075, 0.1 and 0.15 as the aging bed. Although a difference is seen for the maximum temperature in each experiment, the deformation of the large pellet and coalescing with the induction bed occurred when the CaO/Fe 2 O 3 ratio of the pellet was 0.15. It is thought that this originates from the fact that the liquid phase ratio of the pellet is highest among these pellets. On the other hand, the large pellet was not deformed and a void was formed around the large pellet when the CaO/Fe 2 O 3 ratios were 0.075 and 0.1. Moreover, in the case of the large pellet with the CaO/Fe 2 O 3 ratio of 0.15, the sintering time is about 1.5 min longer than that for the CaO/Fe 2 O 3 ratios of 0.075 and 0.1. It is thought that both the deformation of the large pellet and the coalescing with the induction bed influence the progress of sintering. Figure 14 shows the apparent density, the crushing Table 4 . Blending ratio of raw materials for large pellet used in each sintering pot test. Table 5 . Blending ratio of raw materials for quasi-particle used in each sintering pot test. strength and the appearance of the large pellet collected from the sinter cake. When the CaO/Fe 2 O 3 ratios were 0.075 and 0.1, a spherical large pellet was able to be collected easily from the sinter cake. However, both the apparent density and crushing strength are smaller than the values in the former experiment using an electric furnace. It is thought that the combustion heat of the coke mixed in the induction bed is not sufficiently transmitted into the large pellet during the sintering pot experiment. Figure 15 shows the X-ray CT image of each condition after sintering. When the coke mixing ratio in the induction bed is 5 mass% and the superficial velocity of sucked air is 0.5 Nm/s (upper section), the maximum temperature in the sintering bed was about 1 380°C for each basicity of the induction bed. When the basicity of the induction bed is 2.05 and 2.15, the partial coalescing of the large pellet with the induction bed is seen. Moreover, the pellet is spherical, and no remarkable deformation of pellet is seen. When the basicity of the induction bed was 1.95 and 2.05, it was possible to easily collect it from the sinter cake. When the basicity of the induction bed was 2.15, the large pellet coalesced with the induction bed, and the pellet disintegrated when collecting it from sinter cake. When the coke mixing ratio in the induction bed was 6 mass% (middle section), the temperature in the sintering bed rose to about 1 430°C at each condition, because of an increase in the coke mixing ratio. However, no coalescing of the large pellet with the induction bed was seen. The crushing strength of the pellet collected from the sinter cake was about 100 N. In the case of the superficial velocity of sucked air is 0.38 Nm/s (lower section), the retention time at high temperature (м1 200°C) was slightly extended more than the case of 0.5 Nm/s. It was observed that the large pellet tends to coalesce with the induction bed by decreasing the flow rate of the sucked air. It was then difficult to collect the large pellet from the sinter cake. However, it was suggested as a subject as how to achieve enough heat transfer to the pellet, because the large pellet disintegrated when collecting it from the sinter cake.
According to these results, it was found that the extension of the retention time at high temperature due to the decreasing flow rate of sucked air and the increasing basicity of the induction bed are effective for promoting the coalescing of the large pellet with the induction bed.
Conclusions
In order to clarify the condition to produce a dense and large pellet required from the MEBIOS process, some basic sintering experiments were carried out.
It was found from the basic experiments using an electric furnace that the dense pellet was able to be produced by selecting the composition of the pellet and the temperature so that the liquid phase ratio in the CaO-Fe 2 O 3 -SiO 2 system was about 40 mass%. Although the crushing strength of the pellet after sintering was low, it was found that the extension of the retention time at high temperature due to the decreasing flow rate of sucked air and the increasing basicity of the induction bed were effective for improving the crush- ing strength of the pellet by coalescing it with the induction bed.
